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Abstract
Transgenic mouse models of Alzheimer’s disease (AD) that overproduce the amyloid beta peptide (Aβ) have
highlighted impairments of hippocampal long-term synaptic plasticity associated with the progression of the disease.
Here we examined whether the characteristics of one of the hallmarks of AD, i.e. Aβ deposition, in both the
somatosensory cortex and the hippocampus, correlated with specific losses of synaptic plasticity in these areas. For
this, we evaluated the occurrence of long-term potentiation (LTP) in the cortex and the hippocampus of 6-month old
5xFAD transgenic mice that exhibited massive Aβ deposition in both regions but with different features: in cortical
areas a majority of Aβ deposits comprised a dense core surrounded by a diffuse corona while such kind of Aβ
deposition was less frequently observed in the hippocampus. In order to simultaneously monitor synaptic changes in
both areas, we developed a method based on the use of Multi-Electrode Arrays (MEA). When compared with wild-
type (WT) mice, basal transmission was significantly reduced in both areas in 5xFAD mice, while short-term synaptic
plasticity was unaffected. The induction of long-term changes of synaptic transmission by different protocols revealed
that in 5xFAD mice, LTP in the layer 5 of the somatosensory cortex was more severely impaired than LTP triggered
in the CA1 area of the hippocampus. We conclude that cortical plasticity is deficient in the 5xFAD model and that this
deficit could be correlated with the proportion of diffuse plaques in 5xFAD mice.
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Introduction
Alzheimer’s disease (AD) is a neurodegenerative disorder
associated with progressive cognitive decline and extensive
neuronal loss [1]. Numerous alterations within the brain of AD
patients have been identified after post-mortem analyses: brain
deposition of senile plaques containing Aβ peptide, intracellular
neurofibrillary tangles of hyperphosphorylated tau protein,
reduced synaptic density, neuro-inflammation, and extensive
cell death in different structures critically involved in cognitive
functions such as learning and memory [2]. In this line, the
introduction of mutant forms of human amyloid protein
precursor (APP), presenilin (PSEN) and/or tau genes in mice
reproduce many pathological features of the disease, such as
Aβ deposits, neurofibrillary tangles, gliosis, and synaptic
degeneration. At the cognitive level, the majority of these AD
mouse models exhibit memory deficits demonstrated by their
poor performances in the Morris’ water-maze, Y-maze, fear
conditioning task, and object or social recognition tasks [3,4].
Although to date no perfect model of AD has emerged,
transgenic mice carrying the mutated human APP, PSEN1 and
tau genes or combining more than one of these mutations
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successfully recapitulate most of AD markers [5]. Amongst all
transgenic mice that have been developed, 5xFAD mice
(Tg6799 line) harboring five familial AD (FAD) mutations (3 on
human APP and 2 on PSEN1) represent one of the most early-
onset and aggressive amyloid mouse models of AD [6-8].
Indeed, while it takes at least 6–12 months to form Aβ plaques
in the majority of AD transgenic mice (Eriksen and Janus,
2007), 5xFAD mice start to develop visible Aβ deposits as early
as 2 months of age, consistent with their dramatically
accelerated Aβ1-42 production. This Aβ deposition first
emerges in the subiculum area of the hippocampus and in the
cortical layer 5, and then rapidly increases with age, spreading
to fill much of the hippocampus and cortex by 9 months of age
[7]. 5xFAD mice also exhibit memory dysfunctions as
highlighted using numerous behavior tests such as Y-maze
and water-maze which characterize hippocampus-dependent
cognitive processes [7,9] as well as conditioned taste aversion,
contextual fear conditioning and H-maze which are
characteristic of cognitive processes dependent on cortex
[10-13]. Hippocampus-dependent deficits in 5xFAD mice, as in
numerous other AD models [14], can be explained by deficits in
hippocampal synaptic plasticity as evidenced by impairments of
LTP, the molecular substrate of learning and memory [6,15].
However, there are accumulating evidences that memories of
everyday life may initially depend on the hippocampus, but are
not instantaneously formed and have to undergo a subsequent
prolonged period of reorganization [16-19]. In particular, as
memories mature, they become increasingly independent of
the hippocampus and memory traces are gradually stabilized
and eventually transformed into remote memories localized in
cortical networks. Importantly, significant Aβ accumulation
occurs not only in the hippocampus but also in the cerebral
cortex of AD patients and of transgenic mouse models of AD
[14,20] and almost all learning and memory processes,
including long-term as well as short-term memories, are
impaired in AD [21,22]. Aβ depositions are associated with
strong neuroinflammation as evidenced by the occurrence of
pro-inflammatory cells (microglia and astrocytes) around these
depositions [7]. In fact, neuroinflammation was shown to be a
modulatory factor of synaptic plasticity [23].
Therefore, in line with this, we have tested here whether the
extent of Aβ depositions and the phenotypic differences across
plaques in both cortex and hippocampus could correlate with
specific losses of synaptic plasticity in these areas. For this, we
have evaluated the occurrence of LTP in the cortex and the
hippocampus of 6-month old 5xFAD mice that showed massive
Aβ deposition in cortical area and in the CA1 area of
hippocampus at this age with subtle differences in phenotypes
of plaques (dense core with or without diffuse corona according
to the area considered). Moreover, in order to improve
temporal and regional correlations in our recordings, we
developed a method based on the use of Multi-Electrode
Arrays (MEA), which allowed the simultaneous monitoring of
plasticity in the layer 5 of the somatosensory cortex (SSC) and
the CA1 area of the hippocampus.
Materials and Methods
Animals
All experiments were carried out in accordance with the
European Community Council Directive of November 24, 1986
(86/609/ECC). This study was approved by the local branch of
the ‘Comité National de Réflexion Ethique sur
l’Expérimentation Animale’ (C2EA-36). All efforts were made to
minimize animal suffering and to reduce the number of mice
used. The generation of 5xFAD mice has been previously
described [7]. These transgenic mice over-produce both mutant
human APP (695) with the Swedish (K670N, M671L), Florida
(I716V), and London (V717I) Familial Alzheimer’s Disease
(FAD) mutations and human PSEN1 harboring two FAD
mutations, M146L and L286V. Expression of both transgenes
is regulated by the neuronal-specific Thy1 promoter. The
5xFAD strain (B6/SJL genetic background) was maintained by
crossing hemizygous transgenic mice with B6/SJL F1 breeders
(Jackson Laboratories, Bar Harbor, Maine, USA). Non-
transgenic WT littermate mice were used as controls. All
transgenic and WT mice were bred in our animal facility, had
access to food and water ad libitum, and were housed under a
12 h light-dark cycle at 22–24°C.
Immunostaining and quantification of Aβ deposits
Mice were deeply anesthetized (sodium pentobarbital, i.p.)
and transcardially perfused with 4% paraformaldehyde. Brains
were dissected and post-fixed overnight in 4%
paraformaldehyde at 4°C. Sagittal brain sections (30 µm thick)
were serially cut using a vibratome (Thermo Scientific
HM650V, Illkirch, France) and stored at −20°C in 6-well plates
containing a cryoprotective solution (30% glycerol, 30%
ethylene glycol in 0.05 M PBS) until processed for
immunostaining. After washing in PBS, floating sections were
incubated 1 h at room temperature (RT) with blocking buffer
(3% BSA, 0.1% Triton X-100 in PBS) and then overnight at 4°C
with the primary antibodies i.e. mouse monoclonal anti-Aβ
6E10 (1/200, Covance (Eurogentec), Angers, France) diluted in
blocking solution. Then, slices were rinsed (3×5min) in PBS
and incubated for 90 min at RT with cross-adsorbed Alexafluor
488 (green)- or 594 (red)-conjugated anti-mouse secondary
antibody (1/500, Jackson Immunoresearch, West Grove, PA,
USA) in dark conditions. After several washes in PBS, slices
were counter-stained with 0.5 µg/ml Hoechst blue (#33342,
Sigma-Aldrich, Saint-Quentin Fallavier, France) for 30 min at
RT and mounted with ProLong Gold Antifade reagent (Life
Technologies, Saint-Aubin, France).
Images were acquired using a Zeiss inverted Axio Observer
microscope (Zeiss, Jena, Germany). Images of large brain
sections were obtained using the MosaiX mode of the
Axiovision software (Zeiss). Number and type (i.e. dense core
versus diffuse plaques) of amyloid deposits in the cortex and
the hippocampus were manually counted and the number of
plaques per mm2 of brain surface was calculated using
Axiovision software (Zeiss).
Cortical and Hippocampal Plasticity in 5xFAD Mice
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Electrophysiological recordings with micro-electrode
array
Experiments were carried out on brain slices containing both
hippocampus and cortex (300 µm thickness) obtained from 6
month-old male mice. After decapitation, brains were quickly
dissected and placed in ice-cold buffer comprising 124 mM
NaCl, 3.5 mM KCl, 25 mM NaHCO3, 1.25 mM NaH2PO4, 1 mM
CaCl2, 2 mM MgSO4, 10 mM D-glucose, and 10 mM HEPES
(bubbled with O2/CO2, 95/5). Slices were then cut with a
Vibratome (VT1000S; Leica, France) and maintained at RT for
at least 1 h in the same buffer supplemented with 1 mM CaCl2.
This supplemented buffer – also named extracellular medium -
was used for further recordings.
For electrophysiological recordings, slices were transferred
to a MEA (MEA60; Multi Channel Systems, Reutlingen,
Germany) continually superfused with the above described
extracellular medium (flow rate 2 ml.min−1) and kept at 32°C.
Drugs were directly applied in this superfusion. MEA was
positioned on the platform of a Leica inverted microscope
equipped with a CCD camera (CoolSnap, Roper Scientific,
France). Images of the cortico-hippocampal slice on the MEA
were captured in order to accurately map the synaptic signals
recorded in the different areas of the brain slice. MEAs
comprised 60 extracellular electrodes [24]. The inter-electrode
distance was 200 µm. Each individual electrode from the array
could be used either as a recording or as a stimulatory
electrode. A nylon mesh was positioned above the slice to
obtain a satisfactory electrical contact between the surface of
the slice and the electrode array. Double stimulation was
achieved with an external stimulator (STG-1004; Multi Channel
Systems) by applying biphasic current pulses simultaneously to
two electrodes of the array, one located in the Schaffer
Collateral pathway of the hippocampus and the other one in the
cortex. Stimulation intensity (60 to 300 µA) and duration (70 to
200 µs) were adapted to avoid multiphasic responses due to an
excessive stimulation [25]. Field excitatory postsynaptic
potentials (fEPSPs) and population spikes (pop spikes) could
then be recorded by all the remaining electrodes of the array at
the same time. Signals were recorded and analyzed (MC Rack;
Multi Channel Systems). We verified that stimulating cortical
afferents did not evoke any signal in the stratum radiatum of
the CA1 area of the hippocampus and conversely that
stimulating Schaffer collaterals pathway did not induce any
signal in the cortical area recorded. In fact, both hippocampal
and/or cortical stimulation could evoke some signals in the
Alveus. Thus these signals were not taken into consideration
for further analysis. Baseline synaptic signals were evoked
using a 0.066 Hz frequency. Slices displaying epileptic-like
activity were discarded. Short term plasticity was elicited by two
stimulations with an interpulse duration varying from 25 to
500ms. Long-term potentiation (LTP) was induced using one or
three repeated theta-burst stimulation (15 trains of 4 pulses at
100 Hz every 200 ms) with a 30 s interval when repeated.
Some recordings were carried out in presence of 25 µM
picrotoxin, a GABAA receptor blocker, in the perfusate. The
magnitude of the effects on synaptic transmission was
determined by measuring slopes of fEPSPs, which were
modified in a similar way to fEPSP amplitudes, as reported by
others also using MEA recordings [26]. Data are presented as
means ± SEM on graphs plotting pooled data. Each individual
(‘n’) corresponds to an experiment performed on a slice from
an individual animal.
Statistics
Significant differences between groups were determined by
either one-way ANOVA on repeated measures for synaptic
plasticity experiments and by one-way ANOVA on ranks for the
quantification of Aβ deposits. The statistical significance of the
difference between WT and 5xFAD mice when generating the
I/O relationship was evaluated by performing a two-way
ANOVA. Values represent the means ± SEM of the indicated
number of independent experiments, and the level of
significance was settled at p <0.05 (SigmaStat, Jandel).
Results
Most of AD mouse models start to develop amyloid plaques
around 6 to 12 months. Here, we used the 5xFAD mice that
exhibited plaques as soon as 2 months [7]. At 6 months of age,
we observed severe occurrence of Aβ deposits, which
densities were similar in the cortex and the hippocampus
(Figure 1A and 1E), representing 65 ± 10 and 70 ± 8 plaques
per mm2 respectively. However, there was a marked difference
between the somato-sensorial cortex (SSC) and the
hippocampus when considering the nature of the Aβ deposits.
All deposits were composed of dense cores, some of them
were surrounded by a diffuse corona. In order to compare the
proportion of each type of Aβ deposits, i.e diffuse plaques
(Figure 1C) versus dense plaques (Figure 1D), in the SSC and
the hippocampus, they were quantified in both areas.
Approximately twice as much diffuse plaques than dense
plaques were encountered in the SSC (ratio 2.1 ± 0.5; Figure
1F), while in the hippocampus both types of Aβ deposits were
equally distributed (ratio 0.8 ± 0.1; Figure 1F).
In order to explore whether such phenotypical changes in
amyloid plaques could be associated with differences in
synaptic functions, we developed a particular protocol of
double stimulations with MEA, which allowed us to
simultaneously record synaptic transmissions in both the
hippocampus and the SSC within the same brain slice (Figure
1B). Synaptic signals could be evoked by afferent stimulations
simultaneously applied in the layer 5 of the SSC (for example,
electrode 32, indicated by a blue circle, Figure 1B) and in the
Schaffer collaterals tract of the hippocampus (for example,
electrode 57, indicated by a white circle, Figure 1B). Signals
occurred either as field excitatory post synaptic potentials
(‘fEPSPs’) - as observed for instance on electrode 37 in the
stratum radiatum of the hippocampus and on electrode 22 in
the layer 5 of the SSC in Figure 1B - or as population spikes
(‘pop spikes’), as observed on electrode 36 in the stratum
oriens of hippocampus and #24 in layer 6 of the SSC in Figure
1B. Mixed signals of both fEPSP and pop spikes could be
recorded essentially in the Alveus (such as on electrode 45 in
Figure 1B). Signals recorded in this last area have been
discarded from further analyses.
Cortical and Hippocampal Plasticity in 5xFAD Mice
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First, basal transmission and short-term synaptic plasticity
were evaluated in 5xFAD mice and compared to those
obtained in WT mice. In brain slices from 6 month-old 5xFAD
mice, the relationships between fEPSP slope and stimulation
strength (Input/Output (I/O) curve) were significantly different
from those obtained in WT mice, either in the hippocampus
(F(1-132)=23.58; p<0,001) or in the cortex (F(1-132)=21.08;
p<0,001) (Figure 2A and 2B). This suggested that basal
synaptic transmission in 5xFAD mice was affected at that stage
in these brain areas.
Short-term plasticity in hippocampal and cortical synapses
was assessed by measuring paired pulse ratio in hippocampus
and cortex. Short-term changes, either facilitation or
depression of synaptic strength, could be obtained by
delivering paired stimuli with various intervals. In fact, paired-
pulse facilitation could usually be triggered at hippocampal
Schaffer collateral-CA1 synapses [27]. Such facilitation was
observed in both WT and 5xFAD mice (Figure 2C). Varying the
inter-pulse durations led to indistinguishable profiles of paired-
pulse facilitation ratios in both WT and 5xFAD mice: from 50
ms, paired-pulse facilitation declined as far as interpulse
Figure 1.  Amyloid deposition and recordings of synaptic transmission with MEA in brain slices of 5xFAD mice.  (A)
Immunostaining of Aβ peptide (anti-Aβ 6E10, red) and labeling of cell nuclei (with Hoechst, blue) in a brain section of a 6-month-old
5xFAD mouse. Inset: higher magnification image of a dense plaque with diffuse corona (top) and of a dense plaque without diffuse
corona (bottom). (B) Synaptic signals evoked in the different areas of the brain slice. The captured image shows the brain slice
positioned on the electrode array. The image of the MEA depicting the synaptic signals (fEPSPs and pop spikes) was further
superimposed with respect to each electrode’s coordinates and indicated by numbers with the format ‘row, column’ of the MC Rack
software. Field EPSPs and population spikes were recorded in the hippocampus and the cortex upon simultaneous stimulation in
Schaffer collateral pathway of CA1 area of the hippocampus (indicated by white circle) and in the layer 5 of the SSC (indicated by
blue circle). (C) Representative example of a diffuse plaque. (D) Representative example of a dense plaque. (E) Quantification of
total number of plaques of Aβ deposits per mm2 in the cortex and the hippocampus. (F) Histogram depicting ratios of the number of
plaques with diffuse corona over the number of plaques exhibiting only a dense core in the cortex and the hippocampus. ***
p<0.001 compared with ratio in the cortex (ANOVA on ranks).
doi: 10.1371/journal.pone.0074667.g001
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duration increase (Figure 2C). By contrast, in the cortex, it have
been described that paired-pulse stimulations led to short-term
depression of fEPSPs [27]. Here we actually found similar
paired-pulse induced depression in the cortex of both WT and
5xFAD mice (Figure 2D). The paired pulse ratio profile was
characterized by a decline of depression as far interval duration
increased (Figure 2D). Thus short-term plasticity in
hippocampal and cortical excitatory synapses was unaltered in
5xFAD mice.
Then we investigated whether the phenotypic difference in
Aβ deposits between the CA1 area of the hippocampus and
layer 5 of the SSC could be related to some different changes
in long-term synaptic plasticity between these brain structures.
For this, we evaluated the induction of long-term potentiation
(LTP) in both the hippocampus and the cortex of WT and
Figure 2.  Basal synaptic transmission and short-term plasticity in hippocampal and cortical slices from WT and 5xFAD
mice.  (A and B) Input/output (I/O) curves obtained by plotting the slope of fEPSPs in the CA1 area of the hippocampus (A) and the
layer 5 of SSC (B) of WT and 5xFAD mice as a function of the stimulation intensity (from 50 to 400 µA). * p<0.001 when comparing
basal fEPSPs slopes recorded in WT mice with 5xFAD mice. (C and D) Paired-pulse ratio recorded across different inter-stimulus
intervals (25–500 ms). Paired-pulse facilitation was observed in the hippocampus (C) and by contrast, paired-pulse depression was
observed in the SSC (D) from WT and 5xFAD mice.
doi: 10.1371/journal.pone.0074667.g002
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5xFAD mice. We started by applying the classical protocol of
high frequency stimulation (100Hz, 1s). Under these
experimental conditions, LTP could not be triggered either in
the hippocampus or in the cortex of both WT and 5xFAD mice
(data not shown). This result could be explained by the strain of
mice used to generate transgenic animals; mice with the
B6/SJL genetic background used here being unable to develop
any LTP under this classic protocol in our study. Indeed, the
genetic background of mice was known to notably impact the
induction and the maintenance of long-term plasticity, as well
as of memory processes [28-30]. It has been previously
demonstrated that LTP could be induced in the CA1 area of
5xFAD mice by applying “theta burst stimulus”: this protocol
was consisting of 3 or 10 bursts of 4 pulses at 100 Hz, each
burst being spaced out by a 200 ms inter-burst interval [6]. We
used here a slightly modified protocol where theta burst
stimulation comprised 15 bursts either 3 times repeated every
30 s (named TBS 3X) or not repeated (TBS 1X), in the
presence or in absence of GABAA receptor blocker, picrotoxin.
In the absence of picrotoxin, TBS 1X did not induce any LTP
either in the hippocampus or in the cortex of both WT and
5xFAD mice (data not shown). However, in the presence of
picrotoxin TBS 1X was able to trigger a robust LTP in the
hippocampus of WT mice; fEPSP slope increased to 165 ± 8%
of basal, as measured 40 min after TBS 1X (Figure 3A). This
LTP was fully abolished in the hippocampus of 5xFAD mice
since no potentiation was observed: 40 min after TBS 1X,
fEPSP slope was 123 ± 12% of the baseline slope (Figure 3A).
By contrast, under the same experimental conditions, TBS 1X
in the presence of picrotoxin, no LTP was detectable in the
cortex even in WT mice (Figure 3B). Repeating TBS three
times (TBS 3X) in the absence of picrotoxin gave results similar
to those observed after applying TBS 1X in the presence of
picrotoxin: in the hippocampus, 40 min after TBS 3X, fEPSP
slope was increased to 175 ± 20% of basal slope in WT mice
while fEPSP slope remained at 108 ± 7% of basal in the 5xFAD
mice (Figure 3C). Here again, this protocol did not evoke any
LTP in the cortex either in WT or in 5xFAD mice (Figure 3D).
Nevertheless, TBS 3X in the presence of picrotoxin was the
only paradigm tested able to trigger a robust LTP in both the
hippocampus and the cortex of WT mice: under these
experimental conditions, 40 min after TBS 3X, fEPSP slope
rose to 206 ± 39% and at 146 ± 10% of basal slope in the
hippocampus and SSC of WT mice, respectively (Figure 3E
and 3F); these degrees of LTP being not significantly different
from each other. In the hippocampus of 5xFAD mice, this LTP
was drastically reduced; fEPSP slope was only enhanced to
126 ± 4% of basal, but remained significant (Figure 3E).
Conversely, such LTP was fully abolished in the SSC of 5xFAD
mice: indeed, fEPSP slope remained at 105 ± 8% of basal
(Figure 3F).
Discussion
The 5xFAD transgenic mouse model recapitulates in an
accelerated fashion many pathological features of AD
compared to other transgenic models [7,8]. They include Aβ
deposition and neuroinflammation at 2 months of age in
hippocampal and cortical areas followed by degeneration of
synapses by 9 months of age as evidenced by reduction in
synaptic marker proteins and pronounced loss of pyramidal
neurons in cortical layer 5 and subiculum [7]. Such an early
and robust phenotype is scarcely observed in other AD mouse
models. As defined by Braak’s neuropathological staging, AD
markers reach the hippocampus and the neocortex at stages
III-IV and stages V-VI respectively [31]. However, the SSC
could be affected earlier than previously described by Braak
during AD progression since cerebral blood volume was
decreased in this region of AD patients [32]. In addition,
abnormal responses in the SSC were observed in patients with
mild cognitive impairment [33]. Hippocampal plasticity has
been largely studied in AD transgenic mouse model as
reviewed by Marchetti et al. [34]. By contrast, few studies have
examined cortical plasticity, although Battaglia et al. have
shown a reduction of long-term potentiation in the cortex of
APP/PS1 mice [35]. In this context, we have chosen to
examine the electrophysiological characteristics of 5xFAD
transgenic mice model at 6 months of age in both CA1 area of
the hippocampus and layer 5 of the SSC simultaneously using
an original method of double stimulation of each of these
structures with MEA.
First, we compared basal transmission in 6 month-old 5xFAD
mice and their WT littermates. Here, alteration of basal AMPA
receptor-mediated synaptic transmission in 5xFAD mice was
observed in both the hippocampus and the SSC. This
observation is in agreement with previous studies showing a
reduction of hippocampal basal transmission in 6 month-old
5xFAD mice, although no difference was observed at 4 months
of age [6,36].
Next, we have examined short-term plasticity by studying
paired-pulse ratio in the CA1 area of hippocampus and layer 5
of the SSC. This protocol induces synaptic changes, either
facilitation or depression of synaptic strength. The paired-pulse
facilitation observed in CA1 area of the hippocampus is usually
attributed to effects of residual elevation of calcium
concentration at presynaptic sites, while paired-pulse
depression observed in layer 5 of the SSC is mainly associated
with depletion of the pool of readily releasable vesicles [27]. No
modification of short-term plasticity was detectable in both
hippocampus and cortex of 5xFAD mice as compared to WT
mice. With regard to the hippocampus of 5xFAD mice, this
result is in agreement with other studies [6]. Moreover, studies
on short-term plasticity in the hippocampus of other APP
transgenic mouse models led to similar conclusion [37-39].
Therefore, we have highlighted that presynaptic sites seem to
be spared in the hippocampus and in the SSC of the 5xFAD
mice.
Finally, we examined synaptic plasticity induced by TBS in
the CA1 area of the hippocampus and the layer 5 of the SSC.
TBS is an LTP induction protocol which mimics endogenous
theta frequency of EEG activity recorded in the hippocampus
during behavioral activity [40]. In the hippocampus of WT mice,
similar LTP were observed using either one or three trains of
(TBS 1X and 3X). This finding suggests that the potentiation is
saturating in this structure. In contrast, in the SSC of WT mice,
under the same experimental conditions, LTP was only induced
Cortical and Hippocampal Plasticity in 5xFAD Mice
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Figure 3.  Impairment of LTP in cortico-hippocampal slices from 5xFAD mice triggered by different protocols of
induction.  (A and B) One theta burst stimulation (TBS) protocol applied in the presence of picrotoxin; this protocol induces LTP in
the hippocampus of WT but not of 5xFAD mice (A). No LTP is observed in the cortex of WT and 5xFAD mice under these conditions
(B). (C and D) Three TBS in the absence of picrotoxin; this protocol triggers LTP in the hippocampus of WT but not of 5xFAD mice
(C). This protocol does not induce LTP in the cortex of either WT or 5xFAD mice (D). (E and F) Three TBS in the presence of
picrotoxin; this protocol induces a robust LTP in hippocampus of WT mice and is largely attenuated in 5xFAD mice (E). Under these
conditions, an enduring potentiation of fEPSPs is also obtained in the SSC of WT but not in the SSC of 5xFAD mice (F). On the
graphs, data dots are fEPSP slopes normalized to their respective averaged baseline values recorded before TBS. Illustrative
examples of fEPSPs recorded before and after TBS delivery are shown above each corresponding graph. * p<0.05 and ** p<0.01
compared with fEPSPs recorded in 5xFAD mice, # p<0.05 compared with basal fEPSPs of 5xFAD mice compared with one-way
ANOVA.
doi: 10.1371/journal.pone.0074667.g003
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by TBS 3X but not by TBS 1X. This result is in agreement with
the fact that the magnitude of LTP is matched in stimulus
number in this cerebral structure [41,42]. We find here that
long-term synaptic plasticity is completely abolished in the
SSC, but still detectable, although drastically reduced, in the
hippocampus of 5xFAD mice. Indeed, even when applying a
‘strong’ stimulation protocol (TBS 3X with picrotoxin) which
triggers a robust LTP in the cortex of WT mice, no LTP could
be induced in the cortex of the 5xFAD mice. When considering
Aβ immunolabelling in 6 month-old 5xFAD mice in the cortex
and the hippocampus, we observed an inverse correlation
between the occurrence of long-term synaptic plasticity and the
proportion of Aβ depositions with diffuse corona in these areas;
Aβ deposits with diffuse corona being prominent in the cortex
at that stage. Therefore the rate of diffuse corona around the
dense core of Aβ deposits matches the extent of the synaptic
plasticity losses. This is consistent with the fact that the diffuse
corona contains swollen distended neurites that may indicate
neuronal injury [2]. Moreover, the presence of synaptic vesicles
[43] could suggest that aberrant connections are formed as
previously demonstrated in the cortex where AD preferentially
disorganized the cortico-cortical circuitry [44]. The loss of LTP
could also be attributed to a pronounced exposure of cortical
neurons to Aβ that alters the activity of synaptic AMPA and
NMDA receptors. First of all, we observe, in 5xFAD mice, a
decreased basal synaptic transmission which is supported by
AMPA receptors. Many reports show that Aβ targets AMPA
receptors by promoting their endocytosis likely via the
activation of dephosphorylation pathways which may involve
α-7 nicotinic acetylcholine receptors [45,46]. This may cause
modifications of neuronal circuitry. Otherwise, the LTP
impairment that we observed could be due to a direct agonistic
action of Aβ on NMDA receptors [47]. Alternatively, this loss of
cortical plasticity could be associated with a profound
reorganization of cortical networks [48]. We found that cortical
LTP can be triggered only when GABAA receptor is blocked
with picrotoxin, as evidenced earlier (Hess et al., 1996). In this
view, several studies have recently highlighted an alteration of
inhibitory interneurons in AD and in transgenic mouse models
[49-52]. A transient increase followed by an irreversible
decrease in the number of glutamatergic and GABAergic
presynapses was correlated with the progression of AD [53,54].
Thus, the fact that we do not observe any LTP in the SSC of
5xFAD mice in the presence of picrotoxin could be due to a
reduction in the GABAergic tone, and a subsequent remodeling
of synaptic contacts, enabling normal basal synaptic
transmission but not long-term plasticity of synaptic
transmission.
The complete loss of LTP in the cortex is in accordance with
the impairment of behavioral tasks observed in the 5xFAD
mice. In fact, in 6 month-old 5xFAD mice, the loss of cortical
plasticity could be at the origin of the defects of cortex-
dependent behaviors as evaluated with different tests such as
the H-maze [11], the contextual fear conditioning [6], or the
conditioned taste aversion [10]. More precisely, Girard et al.
have reported that early cognitive deficits related to frontal
cortex occurred in 4-month-old 5xFAD mice before
impairments of hippocampal-dependent learning and memory
could be observed [6]. These conclusions are in complete
agreement with our present study suggesting that cortical
plasticity seems to be more impaired than hippocampal
plasticity in 6 month-old 5xFAD mice. In summary, even if
some of these behavioral tasks usually involve not only cortical
areas but also other brain regions like the hippocampus or the
amygdala, we conclude that cortical plasticity is totally deficient
in the 5xFAD model which correlates with the prominent
presence of the Aβ dense core deposits surrounded by diffuse
corona. The methodology used in this study which allows to
record simultaneously many brain areas could be useful for a
better understanding of area-specific molecular mechanisms
implicated in neuropathologies. It could contribute to the
development of more targeted therapeutic strategies.
Acknowledgements
We gratefully thank Drs Gérard Barbanel, Janique Guiramand
and Marie Céleste de Jesus Ferreira for their efficient reading
and suggestions to improve this manuscript.
Author Contributions
Conceived and designed the experiments: NC KB MC YM FSR
MK SR FF MHV. Performed the experiments: NC KB MC YM
CCS MHV. Analyzed the data: NC KB YM MHV. Contributed
reagents/materials/analysis tools: NC KB MC YM CCS FSR
MK SR FF MHV. Wrote the manuscript: NC KB MC YM FSR
MK SR FF MHV.
References
1. Selkoe DJ, Schenk D (2003) Alzheimer’s disease: molecular
understanding predicts amyloid-based therapeutics. Annu Rev
Pharmacol Toxicol 43: 545-584. doi:10.1146/annurev.pharmtox.
43.100901.140248. PubMed: 12415125.
2. Duyckaerts C, Delatour B, Potier MC (2009) Classification and basic
pathology of Alzheimer disease. Acta Neuropathol 118: 5-36. PubMed:
19381658.
3. Ashe KH (2001) Learning and memory in transgenic mice modeling
Alzheimer’s disease. Learn Mem 8: 301-308. PubMed: 11773429.
4. Eriksen JL, Janus CG (2007) Plaques, tangles, and memory loss in
mouse models of neurodegeneration. Behav Genet 37: 79-100.
PubMed: 17072762.
5. Spires TL, Hyman BT (2005) Transgenic models of Alzheimer’s
disease: learning from animals. NeuroRx 2: 423-437. PubMed:
16389306.
6. Kimura R, Ohno M (2009) Impairments in remote memory stabilization
precede hippocampal synaptic and cognitive failures in 5XFAD
Alzheimer mouse model. Neurobiol Dis 33: 229-235. doi:10.1016/j.nbd.
2008.10.006. PubMed: 19026746.
7. Oakley H, Cole SL, Logan S, Maus E, Shao P et al. (2006)
Intraneuronal beta-amyloid aggregates, neurodegeneration, and
neuron loss in transgenic mice with five familial Alzheimer’s disease
mutations: potential factors in amyloid plaque formation. J Neurosci 26:
10129-10140. PubMed: 17021169.
8. Ohno M (2006) Genetic and pharmacological basis for therapeutic
inhibition of beta- and gamma-secretases in mouse models of
Alzheimer’s memory deficits. Rev Neurosci 17: 429-454. PubMed:
17139843.
9. Hongpaisan J, Sun MK, Alkon DL (2011) PKC epsilon activation
prevents synaptic loss, Abeta elevation, and cognitive deficits in
Cortical and Hippocampal Plasticity in 5xFAD Mice
PLOS ONE | www.plosone.org 8 September 2013 | Volume 8 | Issue 9 | e74667
Alzheimer’s disease transgenic mice. J Neurosci 31: 630-643. PubMed:
21228172.
10. Devi L, Ohno M (2010) Genetic reductions of beta-site amyloid
precursor protein-cleaving enzyme 1 and amyloid-beta ameliorate
impairment of conditioned taste aversion memory in 5XFAD
Alzheimer’s disease model mice. Eur J Neurosci 31: 110-118. PubMed:
20092558.
11. Girard SD, Baranger K, Gauthier C, Jacquet M, Bernard A et al. (2012)
Evidence for Early Cognitive Impairment Related to Frontal Cortex in
the 5XFAD Mouse Model of Alzheimer’s Disease. J Alzheimers Dis, 33:
781–96. PubMed: 23042214.
12. Jawhar S, Trawicka A, Jenneckens C, Bayer TA, Wirths O (2012)
Motor deficits, neuron loss, and reduced anxiety coinciding with axonal
degeneration and intraneuronal Abeta aggregation in the 5XFAD
mouse model of Alzheimer’s disease. Neurobiol Aging 33: 196: e129-
e140.
13. Ohno M (2009) Failures to reconsolidate memory in a mouse model of
Alzheimer’s disease. Neurobiol Learn Mem 92: 455-459. PubMed:
19435612.
14. McGowan E, Eriksen J, Hutton M (2006) A decade of modeling
Alzheimer’s disease in transgenic mice. Trends Genet 22: 281-289. doi:
10.1016/j.tig.2006.03.007. PubMed: 16567017.
15. Lynch MA (2004) Long-term potentiation and memory. Physiol Rev 84:
87-136. PubMed: 14715912.
16. Dudai Y (2004) The neurobiology of consolidations, or, how stable is
the engram? Annu Rev Psychol 55: 51-86. PubMed: 14744210.
17. Frankland PW, Bontempi B (2005) The organization of recent and
remote memories. Nat Rev Neurosci 6: 119-130. PubMed: 15685217.
18. McClelland JL, McNaughton BL, O’Reilly RC (1995) Why there are
complementary learning systems in the hippocampus and neocortex:
insights from the successes and failures of connectionist models of
learning and memory. Psychol Rev 102: 419-457. PubMed: 7624455.
19. Squire LR, Bayley PJ (2007) The neuroscience of remote memory.
Curr Opin Neurobiol 17: 185-196. PubMed: 17336513.
20. Götz J, Ittner LM (2008) Animal models of Alzheimer’s disease and
frontotemporal dementia. Nat Rev Neurosci 9: 532-544. PubMed:
18568014.
21. Carlesimo GA, Oscar-Berman M (1992) Memory deficits in Alzheimer’s
patients: a comprehensive review. Neuropsychol Rev 3: 119-169.
PubMed: 1300219.
22. Hom J (1992) General and specific cognitive dysfunctions in patients
with Alzheimer’s disease. Arch Clin Neuropsychol 7: 121-133. PubMed:
14589636.
23. Ben Achour S, Pascual O (2010) Glia: the many ways to modulate
synaptic plasticity. Neurochem Int 57: 440-445. PubMed: 20193723.
24. Lanté F, Crouzin N, Vignes M (2008) Unveiling novel forms of
hippocampal synaptic plasticity with microelectrode arrays. J Integr
Neurosci 7: 249-270. doi:10.1142/S0219635208001800. PubMed:
18763723.
25. Heuschkel MO, Fejtl M, Raggenbass M, Bertrand D, Renaud P (2002)
A three-dimensional multi-electrode array for multi-site stimulation and
recording in acute brain slices. J Neurosci Methods 114: 135-148.
PubMed: 11856564.
26. Kopanitsa MV, Afinowi NO, Grant SG (2006) Recording long-term
potentiation of synaptic transmission by three-dimensional multi-
electrode arrays. BMC Neurosci 7: 61. doi:10.1186/1471-2202-7-61.
PubMed: 16942609.
27. Zucker RS, Regehr WG (2002) Short-term synaptic plasticity. Annu
Rev Physiol 64: 355-405. doi:10.1146/annurev.physiol.
64.092501.114547. PubMed: 11826273.
28. Gerlai R (2002) Hippocampal LTP and memory in mouse strains: is
there evidence for a causal relationship? Hippocampus 12: 657-666.
doi:10.1002/hipo.10101. PubMed: 12440580.
29. Nguyen PV (2006) Comparative plasticity of brain synapses in inbred
mouse strains. J Exp Biol 209: 2293-2303. PubMed: 16731805.
30. Nguyen PV, Abel T, Kandel ER, Bourtchouladze R (2000) Strain-
dependent differences in LTP and hippocampus-dependent memory in
inbred mice. Learn Mem 7: 170-179. doi:10.1101/lm.7.3.170. PubMed:
10837506.
31. Braak H, Braak E (1991) Neuropathological staging of Alzheimer-
related changes. Acta Neuropathol 82: 239-259. doi:10.1007/
BF00308809. PubMed: 1759558.
32. Bozzao A, Floris R, Baviera ME, Apruzzese A, Simonetti G (2001)
Diffusion and perfusion MR imaging in cases of Alzheimer’s disease:
correlations with cortical atrophy and lesion load. AJNR Am J
Neuroradiol 22: 1030-1036. PubMed: 11415893.
33. Stephen JM, Montaño R, Donahue CH, Adair JC, Knoefel J et al.
(2010) Somatosensory responses in normal aging, mild cognitive
impairment, and Alzheimer’s disease. J Neural Transm 117: 217-225.
PubMed: 20013008.
34. Marchetti C, Marie H (2011) Hippocampal synaptic plasticity in
Alzheimer’s disease: what have we learned so far from transgenic
models? Rev Neurosci 22: 373-402. PubMed: 21732714.
35. Battaglia F, Wang HY, Ghilardi MF, Gashi E, Quartarone A et al. (2007)
Cortical plasticity in Alzheimer’s disease in humans and rodents. Biol
Psychiatry 62: 1405-1412. PubMed: 17651702.
36. Kimura R, Devi L, Ohno M (2010) Partial reduction of BACE1 improves
synaptic plasticity, recent and remote memories in Alzheimer’s disease
transgenic mice. J Neurochem 113: 248-261. PubMed: 20089133.
37. Chapman PF, White GL, Jones MW, Cooper-Blacketer D, Marshall VJ
et al. (1999) Impaired synaptic plasticity and learning in aged amyloid
precursor protein transgenic mice. Nat Neurosci 2: 271-276. doi:
10.1038/6374. PubMed: 10195221.
38. Fitzjohn SM, Morton RA, Kuenzi F, Rosahl TW, Shearman M et al.
(2001) Age-related impairment of synaptic transmission but normal
long-term potentiation in transgenic mice that overexpress the human
APP695SWE mutant form of amyloid precursor protein. J Neurosci 21:
4691-4698. PubMed: 11425896.
39. Palop JJ, Chin J, Roberson ED, Wang J, Thwin MT et al. (2007)
Aberrant excitatory neuronal activity and compensatory remodeling of
inhibitory hippocampal circuits in mouse models of Alzheimer’s
disease. Neuron 55: 697-711. doi:10.1016/j.neuron.2007.07.025.
PubMed: 17785178.
40. Buzsáki G (2002) Theta oscillations in the hippocampus. Neuron 33:
325-340. doi:10.1016/S0896-6273(02)00586-X. PubMed: 11832222.
41. Castro-Alamancos MA, Connors BW (1996) Short-term synaptic
enhancement and long-term potentiation in neocortex. Proc Natl Acad
Sci U S A 93: 1335-1339. PubMed: 8577765.
42. Hernandez RV, Navarro MM, Rodriguez WA, Martinez JL Jr., LeBaron
RG (2005) Differences in the magnitude of long-term potentiation
produced by theta burst and high frequency stimulation protocols
matched in stimulus number. Brain Res Protoc 15: 6-13.
43. Gonatas NK, Anderson W, Evangelista I (1967) The contribution of
altered synapses in the senile plaque: an electron microscopic study in
Alzheimer’s dementia. J Neuropathol Exp Neurol 26: 25-39. PubMed:
6022163.
44. Delatour B, Blanchard V, Pradier L, Duyckaerts C (2004) Alzheimer
pathology disorganizes cortico-cortical circuitry: direct evidence from a
transgenic animal model. Neurobiol Dis 16: 41-47. doi:10.1016/j.nbd.
2004.01.008. PubMed: 15207260.
45. Chang PK, Verbich D, McKinney RA (2012) AMPA receptors as drug
targets in neurological disease--advantages, caveats, and future
outlook. Eur J Neurosci 35: 1908-1916. PubMed: 22708602.
46. Johnson MA, Lombroso PJ (2012) A common STEP in the synaptic
pathology of diverse neuropsychiatric disorders. Yale J Biol Med 85:
481-490. PubMed: 23239949.
47. Ondrejcak T, Klyubin I, Hu NW, Barry AE, Cullen WK et al. (2010)
Alzheimer’s disease amyloid beta-protein and synaptic function.
Neuromol Med 12: 13-26. PubMed: 19757208.
48. Esiri MM, Chance SA (2006) Vulnerability to Alzheimer’s pathology in
neocortex: the roles of plasticity and columnar organization. J
Alzheimers Dis 9: 79-89. PubMed: 16914847.
49. Koliatsos VE, Kecojevic A, Troncoso JC, Gastard MC, Bennett DA et
al. (2006) Early involvement of small inhibitory cortical interneurons in
Alzheimer’s disease. Acta Neuropathol 112: 147-162. PubMed:
16758165.
50. León-Espinosa G, DeFelipe J, Muñoz A (2012) Effects of amyloid-beta
plaque proximity on the axon initial segment of pyramidal cells. J
Alzheimers Dis 29: 841-852. PubMed: 22337828.
51. Ramos B, Baglietto-Vargas D, del Rio JC, Moreno-Gonzalez I, Santa-
Maria C et al. (2006) Early neuropathology of somatostatin/NPY
GABAergic cells in the hippocampus of a PS1xAPP transgenic model
of Alzheimer’s disease. Neurobiol Aging 27: 1658-1672. PubMed:
16271420.
52. Verret L, Mann EO, Hang GB, Barth AM, Cobos I et al. (2012) Inhibitory
interneuron deficit links altered network activity and cognitive
dysfunction in Alzheimer model. Cell 149: 708-721. PubMed:
22541439.
53. Bell KF, Claudio Cuello A (2006) Altered synaptic function in
Alzheimer’s disease. Eur J Pharmacol 545: 11-21. doi:10.1016/j.ejphar.
2006.06.045. PubMed: 16887118.
54. Bell KF, Ducatenzeiler A, Ribeiro-da-Silva A, Duff K, Bennett DA et al.
(2006) The amyloid pathology progresses in a neurotransmitter-specific
manner. Neurobiol Aging 27: 1644-1657. PubMed: 16271419.
Cortical and Hippocampal Plasticity in 5xFAD Mice
PLOS ONE | www.plosone.org 9 September 2013 | Volume 8 | Issue 9 | e74667
